The effectiveness of EDTA compounds on iron fortificants for potential use in Egyptian balady bread was tested in sixty SpragueDawley weanling male rats by the haemoglobin regeneration efficiency (HRE) method. To confirm HRE-derived findings, eight groups of ten animals were repleted with a modified American Institute of Nutrition (1977; AIN) 76A diet, fortified with ferric phosphate, electrolytic Fe, carbonyl Fe or ferrous sulphate, with and without ascorbic acid. Results without ascorbic acid were comparable to findings of a human study by Forbes et al. (1989). Bioavailability of EDTA-enhanced fortificants, FeSO, + Na,EDTA and NaFe(III)EDTA, was compared with that of FeSO, in six groups of ten animals repleted with a ground Egyptian bread meal or a casein-based AIN diet fortified with one of the three compounds. Addition of either EDTA compound significantly increased bioavailability of Fe in Egyptian balady bread. When present in the less inhibitory casein meal, however, FeSO, + Na,EDTA fortification was significantly less effective than NaFe(1II)EDTA or the reference FeSO,. Results indicate that NaFe(I1I)EDTA may be the fortificant of choice in a mixed diet. Further study of EDTAenhanced Fe fortificants is needed.
Iron fortification of wheat flour or other cereals is currently being used in many countries as a nutritional strategy. The universal consumption of bread and the usual lower bran content of wheat flour compared with that of other cereals makes flour the food vehicle of choice for Fe fortification throughout the world (Cook & Reusser, 1983) , although Fe absorption from flat breads common to the Middle East is suspected to be less than that from American or European breads. The prevalence of Fe deficiency in Egypt makes fortification of wheat flour desirable, as the average annual consumption of wheat flour, i.e. 180 kg/person, provides nearly 50 % of the average daily intake of energy and protein. In Egypt, the addition of Fe to flat-breads is a practical fortification strategy, as this food vehicle is available to even the lowest economic groups.
We therefore compared the bioavailability of two EDTA-enhanced Fe compounds, Na,EDTA with ferrous sulphate and NaFe(III)EDTA, with that of a reference, FeSO,, with the goal of determining the most bioavailable form of Fe fortification to use in local balady bread, the more popular of two widely consumed flat breads. The identical fortification compounds were also tested using the American Institute of Nutrition (1977 ; AIN) diet as a food vehicle for comparison with the balady bread. The study was performed as a collateral part of a project sponsored by the Agency for International Development, US Department of Agriculture, University of Kansas Medical Center, and US Food and Drug Administration to improve the general Fe status of the Egyptian population. This project involves Fe fortification, flour milling, and bread production in
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the El-Fayum and Ismailia governorates of Egypt. Previous studies have shown that the inhibitory bran often found in the highly extracted flour (82 %) used in the balady flat bread of Egypt reduces bioavailability of traditional Fe sources (Widdowson & McCance, 1942 ; Cook et al. 1973; Bjorn-Rasmussen, 1974; Simpson et al. 1981; El Guindi et al. 1988) .
EDTA as an Fe chelate is known to facilitate Fe absorption, in addition to stabilizing the element. A recent study indicated that human subjects fed on balady bread fortified with both FeSO, and Na,EDTA exhibited significantly improved Fe absorption (Cook et al. 1973; El Guindi et al. 1988) . Animal studies were therefore performed to define further the enhancing potential of EDTA.
Bioavailabilities of several Fe sources with and without ascorbic acid when given with a modified AIN 76A diet were first measured by the haemoglobin regeneration efficiency (HRE) method for comparison with a recent human study (Forbes et al. 1989) and to evaluate the AIN 76A diet with and without ascorbic acid. The second study compared the two EDTA-enhanced compounds, NaFeEDTA and FeSO, + Na,EDTA, with the reference FeSO, by using the HRE method in a rat model. Fe-EDTA compounds were given with an inhibitory meal (ground Egyptian balady bread) and with a less inhibitory meal (the casein-based AIN 76A diet) as a basis for comparison.
M A T E R I A L S A N D M E T H O D S
Fe bioavailability was determined in 140 Sprague-Dawley weanling male rats (Blue Spruce Farms, Inc., Altamont, NY) by HRE (Forbes et al. 1989; Mahoney & Hendricks, 1982) . Animals were individually housed in stainless steel cages and maintained in a temperatureand light-controlled environment. The procedure was divided into two studies. The first study evaluated the bioavailability of four Fe-fortification compounds with and without ascorbic acid. Eight groups each of ten animals were used to determine the bioavailability of FeSO, .7H,O (Mallinckrodt Inc., Paris, KY), electrolytic Fe with an average particle size of 20 pm and FePO, .2H,O (New England Nuclear, Boston, MA), both prepared for a previous study (Forbes et al. 1989) , and carbonyl Fe (Ferronyl Fe; GAF Chemicals Corporation, Wayne, NJ) with an average particle size of 4-6pm, with and without ascorbic acid. The second study determined the bioavailability of three Fe-fortification compounds, NaFeEDTA (Hamp-ene NaFe Purified Grade; W. R. Grace & Co., Nashua, NH), Na,EDTA. 2H,O (Hamp-ene Na, Pure; W. R. Grace & Co.) and FeSO,. 7H,O, with the modified AIN 76A diet and air-dried, ground Egyptian balady bread in combination with the AIN 76A vitamin and mineral mix minus ferric citrate by using six groups of ten animals, a total of sixty animals.
Anaemia was induced in all animals by phlebotomy from the orbital Venus plexus (Tim, 1979) and by ad lib. feeding with a low-Fe diet (10 pg Fe/g diet) comprising a modified AIN semi-purified rat diet without ferric citrate and containing (g/kg diet) : casein 200.0, DLmethionine 3.0, maize starch 150.0, glucose 500.0, fibre (Celufil) 50.0, maize oil 50.0, AIN 76 mineral mix (without ferric citrate) 35.0, AIN 76A vitamin mix 10.0 (AIN, 1980) and choline bitartrate 2.0 (US Biochemical Co., Cleveland, OH). Deionized, distilled water was also available ad lib. during both the depletion and repletion periods. After 7 d depletion on the low-Fe diet, animals were weighed, packed cell volume was determined, and haemoglobin concentration was measured in duplicate from a specimen of fresh blood by the cyanmethaemoglobin method (Crosby & Munn, 1954) . The animals were then randomized into eight groups (study 1) or six groups (study 2) of approximately equal mean body-weight and haemoglobin concentration.
Eight diets containing 35 mg fortification Fe/kg diet were prepared for the repletion period for study 1. In study 2, six repletion diets containing 30 mg Fe/kg were prepared. t Ascorbic acid (985 mg/kg diet) or Na,EDTA (1 : I molar ratio).
3 Balady bread; for details, see p. 588.
ATN 76 mineral mix (without ferric citrate) was used in the same proportion as in the AIN diet (30 g/kg diet) and the AIN 76A vitamin mix (10.0 g/kg) and choline bitartrate in the amount of 2.0 g/kg for the three experimental groups that received the Egyptian bread. Bread made with Fe-fortified flour was the Fe source for the sixth group. Each diet given during the 10 d repletion period was supplemented with one of the Fe compounds listed in Table 1 . Fe concentrations were verified by atomic absorption spectroscopy (Boline & Schrenk, 1977) . Fresh food was weighed daily for each animal. At the conclusion of the repletion period, body-weight, haemoglobin concentration, packed cell volume ratio, and total food intake were determined. Haemoglobin-Fe (Hb-Fe, mg) was determined (Forbes et al. 1989; Whittaker et al. 1984) The relative biological value (RBV) was determined by dividing the individual HRE values of the test Fe source by the mean HRE of FeSO,. After animals were killed, livers were excised and frozen for non-haem-Fe determination at a later time. Non-haem-Fe was determined in livers by a slightly modified bathophenanthroline method (Torrance & Bothwell, 1968) and expressed as both pg Fe/g liver and total pg Fe/liver. A 2 g portion of each previously blotted liver was weighed. Distilled, deionized water was added to bring the volume to 15 ml in a disposable 50 ml polypropylene centrifuge tube, and the mixture was homogenized for 30 s using a Polytron. A 3 ml portion was transferred to another 50 ml centrifuge tube, and 10 ml acid reagent were added (6 M-hydrochloric acid-1.2 Mtrichloroacetic acid) (1 : I, v/v) and mixed well. The tubes were then placed in an oven at 65" for 20 h. Tubes were cooled and centrifuged at 1500 g for 20 min. Duplicate portions of 0.2 ml supernatant fraction were pipetted into small plastic tubes, 1.8 ml freshly prepared colour reagent was added and mixed, and the mixture was incubated for 10 min at room temperature. Bathophenanthroline colour reagent (which was kept in the dark) was first prepared by dissolving 62.5 mg bathophenanthroline sulphonate and 0.25 ml thioglycolic acid in distilled, deionized water, and diluting to 25 ml. The colour reagent was a solution of bathophenanthroline reagent -saturated sodium acetate (4.5 M) -distilled, deionized water (1 : 20: 20, by vol.). A new reagent was prepared every 2 weeks. Absorbance was determined by spectrophotometry at 535 nm; Fe concentration (,ug Fe/ml) was determined by reference to a standard curve. Values were analysed by one-way analysis of variance. Means were compared by the least significant difference method when statistically significant (P < 0.05) (Snedecor & Cochran, 1967) .
R E S U L T S
In Study 1, the RBV of the iron fortificants (electrolytic Fe, FePO,, and carbonyl Fe) were compared with the reference FeSO, with and without ascorbic acid. With only one exception, all indicators showed that the addition of ascorbic acid produced no significant enhancement of Fe absorption. Liver non-haem Fe was significantly higher (P < 0.001) only in the reference group receiving ascorbic acid compared with the group not receiving ascorbic acid. Average RBV ratio values without ascorbic acid were 1.00, 0.75, 0.23 and 0.60 for FeSO,, electrolytic Fe, FePO, and carbonyl Fe respectively, compared with 1.02, 0.80,0.29 and 070 with the addition of approximately 1 mg ascorbic acid/g diet (Table 2 ).
In Table 3 , FeSO, + Na,EDTA and NaFeEDTA are compared with the reference FeSO, in the modified AIN 76A diet. Average HRE ratios for meals that used fortified AIN 76A diet were 0.73, 0.63 and 094 for FeSO,, FeSO, + Na,EDTA and NaFeEDTA respectively ; the corresponding RBV ratios were 1*00,0.86 and 1-28. The addition of FeSO, +Na,EDTA to the modified AIN diet significantly reduced (P < 0.001) the resulting HRE and RBV ratios. The group receiving NaFeEDTA had a significantly higher haemoglobin gain than the other two groups (FeSO, and FeSO,+Na,EDTA), but there were no significant differences in the liver non-haem-Fe values (Table 3) . Average HRE ratios using fortified Egyptian bread were 0.51, 0.83 and 0.86 for FeSO,, FeSO, + Na,EDTA and NaFeEDTA respectively ; corresponding RBV ratios were 1-00, 1.64 and 1.70 (Table 4) . The HRE and RBV ratios were significantly higher (P < 0001) for both NaFeEDTA and FeSO, + Na,EDTA in the balady bread than for the fortificant FeSO,. The average haemoglobin gain for the FeSO, group was 54g/l, compared with 87 g/1 for both the FeSO,+Na,EDTA and NaFeEDTA groups, which was also significantly higher.
D I S C U S S I O N
Fe deficiency is prevalent in Third World countries in which the dietary staples tend to be high in cereal and vegetables but poor in animal protein. Inhibitory factors commonly present in a diet high in vegetable content and low in haem-Fe cause a high incidence of Fe-deficiency anaemia in these developing countries. Two possible interventions are supplementation and fortification. Difficulty of obtaining reliable distribution, compliance and correct dosage of supplementary Fe generally makes fortification of a universally available food staple the more practical strategy. Fortification is generally inexpensive to initiate and maintain and is the most effective means of reaching all segments of a population. Fortification also provides the most reliable method for achieving long-term enhancement of Fe status. For this reason, balady bread, a widely consumed and universally available flat bread, was chosen as the food vehicle, although it available at https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19900145 Initial ratio Gain ratio Liver wt (g) Liver non-haem-Fe:
Hb-Fe (mg): is prepared with flour of unusually high extraction (82 YO) with associated high bran content and is also baked at very high temperatures (approximately 500") (El Guindi et al. 1988) . As both factors may inhibit Fe bioavailability, the addition of EDTA as an Fe-enhancing compound was recommended, and was used in the present study. El Guindi et al. (1988) , in a human absorption study using balady bread as the food vehicle, found that FeSO, +Na,EDTA added in a 1 : 1 molar ratio increased Fe absorption 3.41 times, from 1.59 to 5.41 YO. Most other studies have utilized NaFeEDTA fortification (Garby & Arrekul, 1974; Layrisse & Martinez-Torres, 1977; Viteri et al. 1978; MacPhail et al. 1981 ; Ballot et al. 1989) and also found that the addition of NaFeEDTA produced a significant increase in Fe absorption in the presence of an inhibitory meal. The recent study by Ballot et al. (1989) , which summarized the results of a 2-year intervention programme among the ethnic Indian population of South Africa, claimed a decrease in Fe-deficiency anaemia from 22 to 5 % among females in the population when the widely used spice masala, a type of curry powder, was fortified with NaFeEDTA. Significant increases in both haemoglobin and serum ferritin levels were also observed in females. Many economically advanced countries, such as the United States, Great Britain and Sweden, also currently have wheatflour fortification programmes in operation.
The HRE method provides an especially useful assay for predicting Fe bioavailability to humans when the quantity of the Fe compound or food vehicle is extremely limited, as in the present study, because of the difficulty of obtaining the large quantities of Egyptian balady bread required for the Association of Official Analytical Chemists (1984) method. HRE-derived RBV ratios obtained in the absence of ascorbic acid are consistent with those from a recent human study (Forbes et al. 1989) , which found the RBV of electrolytic Fe to be 0.75 and that of FePO, to be 0.25. The first study found the corresponding values to be 0.75 and 0.23. It should be noted that the rat model unsatisfactorily predicts the enhancing effect of ascorbic acid on Fe bioavailability in humans because the rat is able to synthesize ascorbic acid. Forbes et al. (1989) showed in a recent human study that the addition of 100 mg ascorbic acid to meals fortified with FeSO,, FePO, and electrolytic Fe increased bioavailability 2 . 4 4 times.
RBV ratios were generally higher in evaluating fortification compounds given with the AIN diet than with the balady bread meal because of the absence of the inhibitory phytates in the bran present in the high-extraction flour (Hallberg et al. 1987) . In the present investigation, the HRE ratios obtained with the ground Egyptian balady bread were lower ( P < 0.001) than those with the casein-based AIN 76 meal for both the FeSO, and NaFeEDTA groups, which demonstrates the inhibitory effect of phytate in the rat model.
The exception was the FeSO, + Na,EDTA fortification of the casein-based AIN diet in which the HRE ratio was less than that found with the addition of FeSO, alone, and available at https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19900145 significantly lower (P < 0.001) than that found with NaFeEDTA fortification. The reason for this is unknown, but may be due to the difference in stability of the EDTA complex in combination with the Fe, and also to ligand interaction with the Fe compounds. RBV ratios were significantly higher for both the FeSO, + Na,EDTA-and NaFeEDTAfortified meals (1.64 and 1.70 respectively) than for the reference FeSO,, and the RBV ratios of the two EDTA-enhancing compounds were not significantly different when added to the Egyptian balady bread meal. Liver non-haem-Fe values were higher in the groups fed on balady bread meal than in animals that received the AIN diet, and lower body-weight gain was also observed in these groups because the protein quality of the bread was lower than that of the casein.
Because of the lower RBV ratio observed in the AIN diet fortified with FeSO, + EDTA, additional human studies would be helpful to compare the enhancing potential on Fe absorption of the two EDTA compounds when given with inhibitory and non-inhibitory dietary components. Further studies would also be useful for examining possible mechanisms of absorption and excretion of EDTA.
